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Determination and analyses of the complete sequence of Fringilla coelebs papillomavirus and Psittacus
erithacus timneh papillomavirus indicate that they represent a distinct and distant lineage of papillomaviruses.
The lack of canonical E6-E7 open reading frames suggests that they serve adaptive functions during papillo-

mavirus evolution.

Papillomaviruses (PVs) are a heterogeneous group of DNA
viruses with closed-circular double-stranded DNA genomes
about 8 kb in size. They are highly species-specific pathogens
and cause benign and malignant lesions of squamous and mu-
cosal epithelium in a wide range of animal species (22). The
reported incidence of external neoplasms in wild birds is low,
except for squamous papillomas found on the foot and lower
leg of chaffinches (Fringilla coelebs) (13). The causative agent
of these lesions was characterized as a PV based on the size
and density of virus particles, physical properties of viral DNA,
and analysis of capsid proteins by electrophoresis (20). The
other known PV infection among avian species was in an Af-
rican gray parrot (Psittacus erithacus timneh) (12). The PV
genomes isolated from a chaffinch and an African gray parrot
were cloned and partially sequenced (16, 18). We have deter-
mined and characterized the complete sequences of F. coelebs
PV (FPV) and P. erithacus timneh PV (PePV).

The FPV genome was cloned into the EcoRI site of pBR328,
and the PePV genome was cloned into the Sall site of pBR322
(16, 18). To determine the nucleotide sequence, each cloned
DNA was sequenced with the first primers selected from the
vector sequence, and thereafter, additional primers were de-
signed by sequence walking (7). Sequencing was performed in
the Albert Einstein College of Medicine DNA sequencing core
facility. The overlapping sequences were assembled manually.
Several additional primers were designed and used to clarify
sequence ambiguities. Once assembled, the sequence was an-
alyzed for similarity to other PVs by using the basic local
alignment sequence tool (BLAST) software (1). The same
software was used to determine protein sequence similarities.

The assembled sequences revealed a total size of 7,729 bp
for FPV and 7,304 bp for PePV. The complete sequences of
the genomes are available from the GenBank database under
accession no. AY057109 (FPV) and AF420235 (PePV). Exam-
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ination of the FPV and PePV sequences for potential genes
showed the typical complement of E1, E2, L2, and L1 open
reading frames (ORFs) comparable in size with, and at posi-
tions similar to, those of other PVs, including overlaps between
the E1 and E2 and the L2 and L1 ORFs. None of the small
ORFs in FPV and PePV showed significant similarity with
sequences for known E4 and ES5 proteins. The PePV long
control region contains one exact 12-bp E2-binding motif,
whereas the FPV long control region contains four E2-binding
motifs with one base pair mismatch. The predicted ORFs of
FPV and PePV are shown in Fig. 1. The similarity of the FPV
and PePV L1 ORF nucleotide and amino acid sequences was
higher (nucleotide, 56.8%; amino acid, 55.8%) than the rela-
tionship of other ORFs, with similarity to E1 (56.1 and 44.0%,
respectively) also elevated compared with that to E2 (48.6 and
36.3%, respectively) and L2 (45.6 and 27.8%, respectively). To
investigate the relationship among FPV, PePV, and other PV
genomes, the predicted amino acid sequences of the E1, E2,
L2, and L1 ORFs were aligned with other representative PV
sequences from each PV subfamily and unclassified genomes
(8). The phylogenetic trees were created by using parsimony as
implemented in the PAUP* program (version 4; D. L. Swof-
ford, Sinauer Associates, Sunderland, Mass.) from published
PV sequences available online from sexually transmitted dis-
ease sequence databases (http:/hpv-web.lanl.gov/) and Gen-
Bank (4, 8, 10). We also used PV sequences, in part, from PVs
that were sequenced in our laboratory, i.e., bovine PV type 3
(BPV3; GenBank accession no. AF486184), BPV5
(AF457465), equine PV (AF394740), and reindeer PV
(AF443292) (15, 19, 21). Jackknife analysis was performed as
in PAUP* with 1,000 jackknife replicates. Trees derived from
the compiled amino acid sequences of the E1, E2, L1, and L2
proteins of the viral genome and from an analysis of the nu-
cleotide sequences in the L1 gene are shown in Fig. 2. These
trees indicated that there is significant homology between FPV
and PePV but not with other classified or unclassified PV
genomes. From the topology of the tree, it appears that FPV
and PePV are the most distant PV sequences characterized to
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FIG. 1. Location of predicted ORFs of FPV (A) and PePV (B). Each ORF is represented as a rectangle. Numbers show nucleotide positions
of the start and stop codons and predicted molecular masses of proteins (kilodaltons).
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FIG. 2. Phylogenetic trees based on the alignment of the amino acid sequences (aa) of compiled ORFs (E1, E2, L1, and L2) of the indicated
PV genomes (tree shown on the left) and based on aligned nucleotide sequences (nt) of just the L1 gene (shown on the right). The matrix used
to generate the compiled ORF data tree had 2,862 aligned characters in it including gaps. Gaps were scored as missing in the parsimony analysis,
and the resulting parsimony tree was 13,942 steps long with a confidence interval of 0.68 and a retention index (RI) of 0.38. The matrix used to
generate the L1 nucleotide data tree had 2,088 aligned nucleotide characters in it including gaps. Gaps were scored as missing in the parsimony
analysis, and the resulting parsimony tree was 7,401 steps long with a confidence interval of 0.39 and an RI of 0.32. Dots on the nodes in the trees
indicate jackknife values for that node over 75%. The FPV and PePV sequences were compared with representative PV sequences (8). EqPV,
equine PV; RPV, reindeer PV; HOPV, hamster oral PV; MnPV, Mastomys natalensis PV.

HPV5
HPV4
HOPV
BPV3
BPV4
PsPV
HPV6
HPV16
HPV63
HPV1
MnPV HPV41
EqPV
RPV
BPV1
BPV5
HPV41 MnPV
FPV
PePV

Bl

B2

B3

} D Group

Al0
A Group
A9

El
E Group
El

Cl

C3

C Group

i F Group

L1nt



10022 NOTES
FPV E7 MRNRLPIGAQ GPPGGQPSNN PSENNFNPED
PePV E7 MR-=—=—==m= —memme oo TMR

FPV E7 TGNSQDPITL QELEDLNQVL VAELGHPATV

PePV E7 TDDSDDSTDG EELVFRLTVE ESAS------ -
BPV3 E7  —— o~ mmm e mmmmmmmmm e
BPVA E7  cm oo e e
BPVE E7  —mmmmmmm e oo e
HPV1 E7 -~ o mmmm mmmmmmmmm e
HPV16 E7 —m o e oo e e e
FPV E7  AGSSAAADPP

PePV E7 ------ AYGG

BPV3 E7 === LE--

BPV4 E7 ------ LE-~

BPV6 E7 ------ LE~-

HPV1 E7 ------ LE--

HPV16 E7 ~——mm- LO--

FPV E7 GE------- L DEWGLVQGDE --G

PePV E7 QE------- I, ATFGVVNPWN KQG

BPV3 E7 VSSPDGIHQL HQLLL-DCIS LL-

BPV4 E7 VTSTEGIHQL QQLLF-DNLF LL-

BPV6 E7 VASPDGILQL QQLLLTDSLS FL-

HPV1 E7 LADHSAIRQL EELLLR-SLN --I

HPV16 E7 QSTHVDIRTL EDLLMG-TLG

J. VIROL.

WDILLDTDSS SGSETETAEA TSPSSSEESA EFDWEVKLIV
YHYPTETDDS SPDEGETGNH AVTHLLMQLQ EQLHALN-YP
BPV3 E7 Mo-mm e o e
BPVA E7 M--—m e e e e
BPV6E E7 M---—————-—— == el -
HPVL E7 Mo-mmmm e mm e h e
HPV1E E7 M--mmm—mmm mmmmmmmmmee mmme e e

YSIQDQADGA SYPPGSPTPS TSTFPFETPQ GNNQFTSMAV
--EDDNDSR QSLSVDDVGA EVDVEVEG-- ----------
———————————— KG-QDVT LKNVAVE--- -==-=--=mm
———————————— KG-QNVT LQDIAIE--~ —---=—--~~~
———————————— KG-QSMI LKDLAAE--- —--——-=-=-
———————————— VG-EMPA LKDLVLQ--- ==========
———————————— HG-DTPT LHEYMLD--- ~--=----——-

N-PANTPEES
S-~VGSRPDG

V-TFCL~~~~ ===~
QOPYAV---= --~---
GPAGQAEPDR

KEDSTLRLCY

GAGVVDFFP- -~-
GQQ-ERFNSI WG-
EVYSNRRPQR NGP
QVFCNRRPER NGP
EAFCNRRPQR NGS

FIG. 3. Alignment of the putative pRB-binding motif in the amino acid sequences of the FPV, PePV, BPV3, BPV4, BPV6, HPV1, and HPV16
E7 ORFs. The consensus motif is shaded. A cysteine-X-X-cysteine (Cys-X-X-Cys; C-X-X-C) motif and a leucine-X-cysteine-X-glutamine

(Leu-X-Cys-X-Glu; L-X-C-X-E) motif are underlined.

date and constitute a new subfamily, F. Close examination of
the trees indicates a lack of robustness for many of the rela-
tionships inferred, but when a relationship is robust in one
analysis, it is also robust in the other. These results indicate
that classification of these viruses by using only the L1 nucle-
otide sequences or only amino acid sequences of the conserved
regions of the viral genome may not be sufficient to resolve
relationships robustly among the accepted subfamilies (4).
Although FPV and PePV lack canonical E6-E7 ORFs, two
novel ORFs were identified proximal to the noncoding region
and are labeled E7 and X-ORF. These ORFs had no signifi-
cant similarity with sequences in existing databases but were
similar to each other, i.e., the FPV and PePV E7 and X-ORF
nucleotide sequences were 46.9 and 48.0% similar, respec-
tively, whereas the amino acid sequences were 23.5 and 25.6%
similar, respectively. The X-ORF OREF overlaps the E1 ORF
and has no similarity to sequences for other known PV pro-
teins. The E7 ORF occupies the region of the genome which
normally contains the E6-E7 ORFs. Although the E7 ORF had
no significant hits by BLAST, manual examination of the E7
ORFs indicated that they contain motifs conserved in the ca-
nonical E7 (24). The alignment of amino acid sequences of the
FPV, PePV, human PV type 1 (HPV1), HPV16, BPV3, BPV4
and BPV6 E7 ORFs is shown in Fig. 3. The FPV and PePV E7
ORFs contain a leucine-X-cysteine-X-glutamine (Leu-X-Cys-
X-Glu; L-X-C-X-E) motif reported to be critical for pRB bind-

ing and two cysteine-X-X-cysteine (Cys-X-X-Cys; C-X-X-C)
motifs (2, 17, 24). Two such C-X-X-C motifs can stoichiomet-
rically sequester a zinc ion through a tetrahedral arrangement
of four cysteine sulfur ligands. Four copies of a C-X-X-C motif
spaced at regular and invariant intervals are also contained in
the canonical PV E6 ORF (3, 14). These conserved and re-
peated residues appear to be essential structures of the canon-
ical E6 and can act as a multimerization domain (6). The FPV
and PePV E7 ORFs might retain some vestigial functions of an
ancestral E7 ORF, such as pRB binding. Based on the lack of
significant similarity of the putative E7-X-OREF to the E6/E7,
we suggest that the putative E7-X-ORF and E6-E7 ORFs have
evolved adaptive functions for specialization within specific
species from a common ancestral precursor (5). Interestingly,
BPV3, BPV4, and BPV6 have E7 but not E6 ORFs which
might have evolved, at least in part, through genomic rear-
rangements (9, 11). Phocoena spinipinnis PV (PsPV) causes
genital warts in small cetaceans and has an E6 ORF containing
four copies of the C-X-X-C motif spaced at regular and invari-
ant intervals but lacks an identifiable E7 (23). We found se-
quences at positions 857 to 871 in PsPV that can be translated
as Leu-Lys-Cys-Thr-Glu (L-K-C-T-E), which is part of the
critical pRB binding domain, though the ORF was only 26
amino acids long and did not have an in-frame proximal ATG.
Perhaps it is encoded from a spliced transcript. Taken to-
gether, FPV and PePV along with BPV3, BPV4, and BPV6
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lack definable E6 ORFs, whereas PsPV and to a lesser extent
FPV and PePV lack E7 ORFs, supporting the hypothesis that
the E6 and E7 ORFs play a central function in adapting PV
genomes to various species and tissues. In contrast, the E1, E2,
L2, and L1 ORFs are well conserved in all PVs, and their
products are concluded to be essential proteins for the PV life
cycle. The characterization of the complete genomes of two
avian species shows these to be the most divergent PV ge-
nomes analyzed to date.

Nucleotide sequence accession numbers. The newly assigned
GenBank accession numbers for nucleotide and/or amino acid
sequence data in this paper are AY057109 (FPV), AF420235
(PePV), AF486184 (BPV3), AF457465 (BPVS), AF394740
(equine PV), and AF443292 (reindeer PV).
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